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Abstract. Stanniocalcin-immunoreactive cells were local­
ized in the corpuscles of Stannius of a holostean fish, the 
garpike (Lepisosteus osseus), using antisera against 
salmon and trout stanniocalcins and the peroxidase-an- 
tiperoxidase and protein A-gold immunohistochemical 
methods. The stanniocalcin-immunoreactive cells were 
periodic acid-Schiff-positive, and antibody staining was 
abolished if the antiserum was preabsorbed with corpus­
cle homogenate. Immunocytochemistry revealed two re­
active cell types in the glandular parenchyma, and im­
munoreactivity was confined to the secretory granules. 
Staining of the granules was also abolished when the an- 
tisera were blocked with crude corpuscle homogenate. 
When corpuscle extracts from garpike were subjected to 
sodium dodecyl sulphate-polyacrylamide gel elec­
trophoresis and Western blot analysis, a single dense 
band was evident with a molecular weight of ^ 6 8  kDa 
under non-reducing conditions, whereas three bands 
were observed (^ 2 9 , — 31, and ^ 3 4  kDa) under reduc­
ing conditions. Staining of all bands disappeared follow­
ing preabsorption of the antiserum with salmon stannio- 
calcin, trout stanniocalcin, or garpike corpuscle extract. 
The results are compared with stanniocalcins from an­
other extant holostean, the bowfin (Amia calva), and from 
more modern bony fishes, the teleosts.
Key words: Corpuscles of Stannius -  Stanniocalcin -  Im­
munocytochemistry -  Immunohistochemistry -  Western 
blot -  Lepisosteus osseus (ITolostei)
Introduction
The corpuscles of Stannius (CS) are kidney-associated 
endocrine glands that occur only in holostean and 
teleostean fishes, members of the infraclass Neopterygii
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in subclass Actinopterygii. These glands produce stan­
niocalcin (STC), a homodimeric glycoprotein hormone 
that is 50 kDa in size in teleosts (Wagner et al. 1986, 
1988a, 1992; Butkus et al. 1987; Lafeber et al. 1988a). 
This hormone is capable of inhibiting calcium transport 
across the gills (So and Fenwick 1979; Lafeber and Perry 
1988: Lafeber et al. 1988b), whole body calcium uptake 
(Wagner et al. 1986, 1988 a; Lafeber et al 1988 b), and 
intestinal calcium uptake in vitro (Sundell et al. 1992). In 
most teleosts, the number of CS is low (2-5), while in the 
bowfin (Amia calva), an extant holostean with direct links 
to teleosts through the division Halecostomi (Nelson 
1984), several hundred corpuscles have been reported, 
concentrated largely in the posterior region of the kidney, 
perhaps reflecting a more ancestral arrangement (Youson 
et al. 1976). On the basis of Western blot analysis, the 
bowfin has the lowest molecular weight form of STC 
identified to date, with an estimated size of 43-45 kDa 
(Marra et al. 1992). The garpike (Lepisosteus osseus) is 
another surviving holostean but has been placed within 
the division Ginglymodi, separate from the bowfin and 
teleosts (Nelson 1984). Perhaps in concert with this taxo­
nomic separation, the CS of the garpike show some 
marked differences compared to the bowfin with respect 
to number, location, anatomical distribution, and ultra­
structure. The 5-7 CS of the garpike are localized in the 
anterior third of the kidney (Bhattacharyya et al. 1982).
Wendelaar Bonga and Pang (1986) reviewed the cyto- 
physiology of the CS, describing the presence of either 
one cell or two structurally discrete (type-1 and type-2) 
cells, both of which are involved in protein synthesis and 
secretion. In the bowfin, only type-1 cells are present 
(Youson and Butler 1976; Marra et al. 1992), whereas the 
garpike has both types (Bhattacharyya et al. 1982). Im­
munological procedures demonstrate that the product 
common to both cell types in teleosts is STC (Wendelaar 
Bonga et al. 1989).
Stanniocalcin-like immunoreactivity has never been 
demonstrated in the garpike. In light of suggestions that 
the two orders comprising the holosteans (Lepisostei-
formes and Amiiformes) have disparate evolutionary his­
tories and the fact that our findings in the bowfin suggest 
a unique form of STC, it was our goal to study the im­
munoreactivity of cells of the CS and STC in the garpike 
for comparison with the bowfin and the teleosts. We used 
immunohistochemistry and immunocytochemistry in 
conjunction with Western blot analysis and highly 
specific antisera to sockeye salmon and trout STCs in an 
attempt to provide more information on the phylogeny 
of the CS and the characterization of stanniocalcin 
among the fishes.
Materials and methods
For immunocytochemical studies, excised CS from three speci­
mens were fixed for 2 h in 2% glutaraldehyde adjusted to pH 7.3 
with 0 .1 M phosphate  buffer (Millonig 1961). The tissue was washed 
for 30 min in phosphate  buffer and then dehydrated in graded 
ethanols, passed through propylene oxide, and embedded in 
Araldite. Ultrathin sections were cut with glass knives on a Reichert 
Om U3 ultramicrotomc, mounted on nickel grids, and stained with 
salmon or trout STC anliserum (1:1000) and protein A-gold (Wen­
delaar Bonga el al. 1989). Sections were examined with a Siemens 
Elmiskop 102 electron microscope.
Control procedures included substitution of the primary anti- 
serum with phosphate-buffered saline and saturation of the primary 
antiserum before staining with a crude corpuscle extract prepared 
in either phosphate-buffered or TRiS-buffered saline (25 mg/ml). 
Adjacent sections were stained by the periodic acid-Schiff (PAS) 
reaction and counterstained with acid haemalum and orange G.
Animals and Iissue col led ion Western blot analysis
Adult garpike, Lepisosteus osseus L.. were trap-netted in Lake O n­
tario. East Lake. Picton, Canada, in September and October, 1991. 
The specimens, varying in length from 40-103 cm. were transported 
to the laboratory at the Scarborough Cam pus of the University of 
Toronto. The garpike were maintained in a large fibreglass tank 
supplied with flow-through, dechlorinated, aerated tap water 
(10°C). The garpike were anaesthetized using MS222 and sacrificed 
by anaesthetic overdose followed bv cervical dislocation. A longitu- 
dinal incision extending from the cloaca to the pericardial cavity 
was made, exposing the retroperitoneal opisthonephroi.  The kid­
neys were quickly excised and examined under a dissecting micro­
scope for the characteristic white corpuscles (Bhattacharyya el al. 
1982). The CS from seven animals were carefully teased from sur- 
rounding hemopoietic tissue and immediately fixed for either light 
or electron microscopy. An additional 0.25 g of corpuscle tissue was 
harvested from 40 animals, frozen in liquid nitrogen, and stored at 
— 70°C. These corpuscles were used for Western blot analysis.
Primary antisera
The immunological procedures in this study were conducted using 
two polyclonal antisera, one generated against sockeye salmon STC 
and the other against trout STC. Both the salmon (Gellersen el al. 
1988: Wagner et al. 1988 b) and the trout (Kaneko el al. 1988; 
Wendelaar Bonga et al. 1989) STC antisera have been characterized 
previously.
Immunohistochemistry and immunocytochemistry
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Excised garpike CS from four specimens were fixed in Bouin's fluid 
for 24-48 h and then stored in 70% ethanol until dehydration in 
graded ethanols and embedding in paraffin. Immunoreaclive STC 
sites were localized on 4-pm-thick sections using the peroxidase-an- 
tiperoxidase procedure (Sternberger el al. 1970). The sections were 
first rehydrated and equilibrated in phosphate-buffered saline con­
taining 3% heat-inactivated goal serum to reduce non-specific 
staining and then incubated for 48 h at 4°C with either salmon or 
irout STC anliserum (1:1 000). Goat anti-rabbit gamma globulin 
(1:50) was applied for 30 min al room temperature, followed by 
rabbit peroxidase-antiperoxidase serum (1:50) for the same period 
of time. The slides were washed for 20 min with phosphate-buffered 
saline containing 1% heat-inactivated goal serum after the applica­
tion of each antiserum. The sites of peroxidase activity were visual­
ized by incubating the sections in buffered 0.003% hydrogen 
peroxide (pH 7.6) containing 0.0125% 3,3-diaminobenzidine for 
15 min. The sections were postfixed with 1% osmium tetroxide to 
enhance contrast.
Western blotting, 4-5 frozen CS from five different garpike were 
homogenized in sodium dodecyl sulphate (SDS) sample buffer 
(100 mg ml) and centrifuged al 12 000 x g for 30 min. The superna­
tant (hereafter referred to as “crude extract") was decanted and 
stored at — 20°C until used. The crude extract from each specimen 
was subjected to sodium dodecyl sulphate-polyacrylamide gel elec­
trophoresis (SDS-PAGE) in 12% gels in the presence or absence of 
mercaptoelhanol (Laemmli 1971). Following SD S-PA G E. the gels 
were equilibrated in transfer buffer (0.025 M TRIS, 0.192 M glycine, 
and 20% methanol), and the resolved proteins were transferred to 
nitrocellulose using a BioRad TransBlol appara tus  (0.25 A, 4 h). 
The nitrocellulose filters were equilibrated in antibody diluent 
buffer (0.02 M TRIS, 0.5 M NaCl, 0.05% Tween-20, 1% bovine 
serum albumin, and 1% normal goat serum: pH 7.4) and incubated 
overnight at room temperature in salmon or trout STC antiserum 
(1:40 000). The filters were washed (3 x 15 min) in Tween TRIS- 
buffered saline (0.02 M TRIS, 0.5 M NaCl, and 0.05% Tween-20; 
pH 7.5) and incubated for 30 min in biotinylated goat anti-rabbit 
gamm a globulin (1:1 000; Zymed, San Francisco, Calif, USA). The 
lllters were washed again in Tween TRIS-buffered saline 
(3 x 15 min) and incubated for an additional 30 min in alkaline 
phosphatase streptavidin (1:10 000; Zymed). Following ano ther  se­
ries of washes in Tween TRIS-buffered saline (3 x 15 min), the fil­
ters were incubated in alkaline phosphatase buffer (0.1 M TRIS. 
0.1 M NaCl. and 0.05 M M gCL; pH 9.5) for 15 min. The sites of 
alkaline phosphatase activity were visualized by exposure to 
0.004% nitroblue tetrazolium chloride and 0.003% 5-bromo-4- 
chloro-3-indolyphosphate p-toluidine salt.
To confirm the specificity of results with the Western blotting 
procedure, the primary anliserum was substituted with either nor­
mal rabbit serum (1:40 000) or primary anliserum preabsorbed with 
crude extract.
Fig. la -e .  Light micrographs of adjacent sections of a corpuscle of 
Stannius (OS) from Lepisosteus osseus stained by the periodic acid- 
Schiff reaction (a, b), salmon stanniocalcin antiserum (c), trout stan- 
niocalcin antiserum (d). and salmon stanniocalcin antiserum preab­
sorbed with crude extract (e). Results similar to those in e were 
obtained when antiserum was preabsorbed with salmon stanniocal­
cin or replaced with phosphate-buffered saline. Note that the glands 
are encapsulated (arrowheads in a,c-e) and located in kidney areas 
with abundan t  hemopoietic tissue [h). G landular  cells react strongly 
[arrowheads in b) to periodic acid-Schiff staining and show variable 
staining intensity (arrows in c) for stanniocalcin. x 450 (a, c-e). 
x 1 125 (b). Bars : 25 pm (a,c-e). 10 pm (b)
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R e s u l t s
The garpike CS appeared as white, ovoid structures 
ranging in width from 1 to 2 mm and in length from 1 to
4 mm. Five-to-seven corpuscles were localized in the 
anterior third of the kidney and were often associated 
with the large vessels and occasionally with the adreno­
cortical homolog (yellow corpuscles). The glands were 
localized in kidney regions which had abundant hemo­
poietic tissue but were devoid of nephric tissue. As in 
other fish species, the garpike corpuscle had a connective 
tissue capsule, comprised of collagen fibrils and fibro­
blasts, which invaded the gland and divided it into a 
variable number of lobes and lobules.
The parenchyma of each corpuscle consisted of elon­
gated epithelial cells grouped into convoluted and anas­
tomosing cords or islets, the thickness of which was limit-tv '
ed to two cell layers. Each cord was circumscribed by a 
thin basal lamina (Fig. 1 a). After PAS staining and coun- 
terstaining, the glandular cells appeared slightly 
basophilic, and PAS-positive cytoplasmic granules were 
scattered about a spherical, centrally located nucleus 
(Fig. 1 a, b). In adjacent sections stained for STC, the 
immunoreactive material appeared as a brown precipi­
tate within the cells (Fig. 1 c, d). Areas of presumptive 
immunoreactive STC correlated closely with those areas 
stained by the PAS technique. Non-immunoreactive cells 
were also noted within each corpuscle. The immuno- 
staining was specific for corpuscle cells and only back­
ground staining was observed in hemopoietic and other 
surrounding (connective, vascular, and nervous) tissues 
(Fig. 1 c,d). Staining was evident with either salmon 
(Fig. 1 c) or trout (Fig. 1 d) STC antiserum. The specifici­
ty of the reaction was confirmed as immunostaining was 
completely abolished when the primary antiserum was 
preabsorbed with crude extract or when phosphate- 
buffered saline replaced the primary antiserum (Fig. 1 e).
In preparation of tissue for immunocytochemistry, 
postfixation with osmium tetroxide was avoided so that 
the highest possible antigenicity could be maintained. As 
a result, membranes were poorly preserved in the sec­
tions. However, the fine structure of cells in the garpike 
CS was consistent with previous findings in this species 
(Bhattacharyya et al. 1982). Two cell types (Fig. 2 a) were 
identified in garpike CS, comparable to the type-1 cells
Fig. 2. a Electron micrograph of a corpuscle of Stannius from Lep- 
isosteus osseus. Note the presence of type-1 (/,) and type-2 (t2) cells 
with abundan t  and sparse granules (arrowheads), respectively, 
b Higher magnification of a type-1 cell. Protein A-gold particles are 
preferentially located over secretory granules (arrowheads) follow­
ing immunocytochemistry with salmon or trout stanniocalcin an ti­
serum. Low background staining is found in the nuclear (N ) and 
cytoplasmic (arrow) matrices, c Immunoreactivity for stanniocalcin 
is evident with gold particles over the sparse granules (arrowheads) 
in type-2 cells, d Antiserum preabsorbed with crude extract reveals 
low background levels of gold particles. Non-specific binding (ar­
rowhead) was minimal, x 3000 (a), x 40000 (b), x 50000 (c, d). Bars : 
5 (.im (a), 0.25 (.im (b-d)
d
Fig. 3. Western blot analysis of garpike (a) and bowfin (b) corpuscle 
extracts (100 |ig/lane) under non-reducing conditions. The reputed 
garpike stanniocalcin appears as a single dense band (68 kDa). Sub­
stitution of salmon stanniocalcin or trout stanniocalcin antiserum 
with normal rabbit serum (c) or preabsorption of antiserum with 
corpuscle extract (d) abolishes the garpike immunoreactive band
and type-2 cells in teleosts (Ogawa 1967; Tomasulo et al. 
1970; Wendelaar Bonga et al. 1977, 1980; Bhattacharyya 
and Butler 1978). The more numerous type-1 cells were 
characterized by an abundance of electron-dense cyto­
plasmic granules which were either distributed evenly or 
concentrated toward the cell apex. In sections, the gran­
ules varied from round to oval in shape and from 0.15 to
0.40 m in diameter. A prominent feature of the type-1 cell 
was a spherical, central nucleus containing an eccentric 
nucleolus and patchy heterochromatin. Other character­
istic features of the type-1 cell included polymorphic mi­
tochondria, numerous coated vesicles, and abundant free 
ribosomes.
The type-2 cell was polymorphic and frequently com­
pressed between the more abundant type-1 cells. Type-2 
cells contained oblong-to-irregularly shaped nuclei and a 
paucity of electron-dense, variably shaped secretory 
granules with similar dimensions to those of type-1 cells 
(Fig. 2 a-c). Mitochondria, coated vesicles, and free ribo­
somes were also evident. The reader is referred to Bhat­
tacharyya et al. (1982) for detailed descriptions of the fine 
structure of cells in the garpike CS.
When either salmon or trout STC antiserum was used, 
highly specific staining was observed over the secretory 
granules of type-1 cells (Fig. 2 b) and type-2 cells (Fig. 2 
c). Absorption of the primary antiserum with crude ex­
tract abolished the immunostaining. The use of phos­
phate-buffered saline or TRIS-buffered saline in place of 
the primary antiserum also resulted in no staining reac­
tion. A semi-quantitative, dot-density analysis revealed 
an average of 12.2 gold particles/pm2 over the secretory 
granules and a background level of less than 2.2 gold 
particles/j.tm2. In contrast, 0.45 gold particles/|im2 were 
present on the control tissues.
Western blot analysis of corpuscle extracts revealed 
one diffuse, immunoreactive band with an apparent 
molecular weight of 68 kDa under non-reducing condi-
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Fig. 4a, b. Western blot analysis of garpike corpuscle extracts 
(100 jig lane) under reducing conditions, a G arp ike  stanniocalcin 
appears as three closely spaced bands with sizes of --29. — 31, and 
^  34 kDa. b Preabsorption of the primary antiserum with corpuscle 
extract abolishes the immunoreactive bands
tions (Fig. 3). Under reducing conditions, the immunore­
active band was better resolved, appearing as three, 
closely-spaced bands with sizes of 29, 31, and 34 kDa 
(Fig. 4). Identical results with the Western blotting proce­
dure were obtained with salmon and trout STC antisera. 
The specificity of antibody staining in corpuscle extract 
was evident by the absence of staining when the primary 
antiserum was preabsorbed with corpuscle extract or 
sockeye salmon STC or replaced by normal rabbit serum
(Fig. 3).
D is c u s s io n
Morphological observations in the present study were 
consistent with previous studies on garpike CS (Bhat­
tacharyya et al. 1982). However, when these results are 
compared to those from the bowfin, Amia calva (Youson 
and Butler 1976; Youson et al. 1976; M arra et al. 1992), 
it is apparent that there are some fundamental differences 
between the CS of the two genera (Lepisosteus and Amia) 
comprising the holosteans. In agreement with previous 
studies (Bhattacharyya et al. 1982), 5-7 CS were localized 
in the anterior third of the kidney in regions devoid of 
nephric tissue but rich in hemopoietic tissue. In the 
bowfin, however, several hundred CS were scattered 
throughout the opisthonephros in hemopoietic-rich re­
gions and in areas with abundant nephric tissue, still 
maintaining a close association with the distal renal 
tubules from which they are assumed to emanate (You­
son et al. 1976: Marra et al. 1992). The number and distri­
bution of bowfin CS perhaps reflect the ancestral organi­
zation of the corpuscles of Stannius (Garrett 1942; de 
Smet 1962; Youson et al. 1976). Both garpike and bowfin 
CS are closely associated with an adrenocortical ho­
molog (Youson et al. 1976; Bhattacharyya et al. 1982). In 
teleosts. the number of CS is low (2-5), the glands assume
a peripheral position on the exterior surface of the kid­
ney, maintaining close neural and vascular connections 
to it (Wendelaar Bonga and Pang 1986), and the adreno­
cortical homolog and the CS are widely separated. With 
respect to ultrastructure, the garkpike CS are comprised 
of two discrete cell types which are more similar to those 
described in some teleosts (Ogawa 1967; Krishnamurthy 
and Bern 1969; Tomasulo et al. 1970; Wendelaar Bonga 
et al. 1977. 1989; Wendelaar Bonga and Pang 1986), 
whereas in the bowfin only type-1 cells are present (You­
son and Butler 1976; Marra et al. 1992). Our study sup­
ports the view that the distribution and structure of the- 
garpike CS may represent an intermediate position be­
tween those of the bowfin and the teleosts (Bhat­
tacharyya et al. 1982).
Our results demonstrated a good correlation between 
immunostained and PAS-positive regions of the glandu­
lar cells in the corpuscles, whether the immunostaining 
was conducted with salmon or trout STC antiserum. At 
the electron-microscopic level, immunocytochemistry re­
vealed two structurally distinct cell types in which im- 
munoreactivity was localized in the secretory granules. 
This same phenomenon was seen in teleosts (trout and 
flounder) where it was tentatively concluded that the 
type-1 and type-2 cells were structurally different forms 
of a single cell type (Wendelaar Bonga et al. 1989). In situ 
hybridization analysis of tissue from salmon CS also sug­
gests that the STC gene is expressed in all corpuscle cells 
(Sterba et al. 1993).
This is the first time that an extract of garpike CS has 
been examined, and Western blot analysis has yielded a 
putative form of STC with a molecular weight of 
— 68 kDa, the largest identified thus far. Interestingly, 
our results on bowfin STC have identified one of the 
smallest molecular weight forms of STC (^ 4 5  kDa). 
Bowfin STC is, however, similar in size to chum salmon 
STC (Sundell et al. 1992). Previous studies have shown 
that STC in teleosts is a homodimeric glycoprotein, with 
the molecular weight of the monomer varying from 
28 kDa in trout to 30 kDa in salmon and 32 kDa in eel 
(Wagner et al. 1986, 1992; Lafeber et al. 1988; Flik et al. 
1989). It is the glycosylated nature of STC that has en­
abled its purification from various teleosts by con- 
canavalin A-sepharose. However, this method of purifi­
cation has not been successful with the bowfin (Marra et 
al. 1992), and the same may be the case with the garpike. 
Lectin histochemical and lectin chromatographic studies 
indicate that neither garpike nor bowfin corpuscle ex­
tracts are capable of binding to concanavalin A (L.E. 
Marra, J.H. Youson, G. Zaccone, S. Fasulo, and G.F. 
Wagner, unpublished observations). In addition, there is 
no binding to several other lectins, such as peanut agglu­
tinin, soybean agglutinin, and Ricinus communis agglutin­
in. On the basis of our results, it appears that garpike 
STC may be glycosylated but that the carbohydrate 
moiety is different from that in teleosts. Differences in 
core glycosylation could account for the variable elec­
trophoretic mobilities of the two holostean STC 
molecules as well as their variation from teleost STC. 
Since differences in polypeptide chain length could also 
account for the molecular weight deviations amongst the
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species, the future characterization of these hormones 
should explain their size differences.
Paleontological and morphological evidence on 
Neopterygii (Olsen and McCune 1991) indicate that lep- 
isosteids constitute a monophyletic group. Support for 
this hypothesis comes from an examination and compari­
son of the amino acid sequences of bowfin and garpike 
insulins (Conlon et al. 1991). There are unusual amino 
acid substitutions in bowfin insulin that are not found in 
the insulins of garpike and teleosts, suggesting that 
bowfin and garpike did not descend from a common 
Mesozoic ancestor, but evolved in parallel. The results of 
the present study suggest that there are similarities be­
tween holostean and teleostean STCs on the basis of their 
common cross-reactivity to STC antisera. That is, their 
STC molecules must share common epitopes. However, 
major differences exist between the biochemical proper­
ties of the two holostean and the teleostean STC 
molecules. The apparent differences in size and biochem­
ical properties in the STC molecules of teleosts and 
holosteans of infraclass Neopterygii, and in fact between 
the two orders (Lepisosteiformes and Amiiformes), sug­
gest that this hormone has undercone considerable evo- 
lutionary change.
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